Artificial recharge of aquifers can be performed for various purposes and under varying hydrogeological conditions. We present an overview of deep-well recharge applications which have taken place in the Netherlands over the last two decades. We present the purpose of each application, the issues which had to be resolved, the preventive measures which were taken to improve performance and the lessons learned from each experience. Examples are given of applications which aimed at the storage of water for drinking and other purposes such as irrigation, achieving environmental goals and disposal of wastewater. Applications aiming at drinking water production usually faced issues related to the quality of the abstracted water not meeting drinking water standards with respect to various elements, such as iron, manganese and arsenic. Storage of water in brackish aquifers was complicated by buoyancy effects making part of the recharged water irrecoverable. Recharge of water with the purpose of recovering declined groundwater tables and fighting seawater intrusion was hindered by clogging of the injection well while the disposal of wastewater was limited to aquifers of lower groundwater quality.
INTRODUCTION
Artificial recharge of aquifer systems may be performed for various reasons. These include, among others, the subsurface storage of water for drinking and agricultural purposes, the natural subsurface water treatment, the achievement of environmental goals (e.g. recovery of declining water tables and the prevention of saltwater intrusion), and the disposal of wastewater. The main financial advantages of subsurface water storage compared to surface water storage consist of (1) increased security of the water supply, (2) little land occupation, (3) reductions in costs of water storage and evaporation losses, and (4) during water purification, storing the treated water in the subsurface can decrease the peak factor allowing the facility to have a smaller capacity (Pyne ) .
In the Netherlands, climate variability has increased the need for water storage as a result of (1) stronger fluctuations in river discharge and groundwater tables and (2) enhanced intrusion of the North Sea along the Dutch coast. Another driver for storing water underground is the increasing demand for drinking water in areas where the government has forced the water supply companies to restrict their groundwater pumping. This is usually enforced in order to prevent the drawdown of groundwater tables, to restore wetlands in selected areas and to prevent seawater intrusion. Moreover, recent benchmarks of drinking water prices are pushing the Dutch water supply companies to lower their costs. Aquifer storage applications, if operating without quality deterioration, are thus becoming an interesting option also in the Netherlands. It is not our intention to provide an exhaustive inventory of all deep-well recharge schemes in the Netherlands but to showcase a few selected interventions aiming at different purposes and targeting the entire spectrum of issues these technologies can resolve. From a research perspective, this overview summarizes in a comprehensive manner the most relevant technological and knowledge advancements related to artificial recharge of aquifers. From the practical side, this overview can serve as a valuable reference for countries facing similar issues to quickly identify solutions suitable for their needs and to inquire further using the given references.
Special attention is given to interventions which aimed at storing water for drinking water production as this was the objective in the majority of deep-well recharge sites in the Netherlands (Figure 1 ). To this end, we provide an in-depth assessment of the common hydrogeochemical processes which can affect the abstracted water quality and render it unsuitable for direct drinking water supply. The aquifer types, their mineralogy and the associated water quality problems compare well with other settings abroad where deepwell recharge sites operate. To cover the complete spectrum of Dutch expertise in this field, we also showcase a few selected innovative applications which aimed at irrigation water production, the achievement of environmental benefits, and wastewater disposal.
DRINKING WATER PRODUCTION
Since the early 1970s, numerous deep-well injection and aquifer storage experiments have been carried out in the Netherlands to acquire insight on (1) the feasibility of recharging confined aquifers with surface water through wells and (2) the water quality changes upon interaction of the injected water with the native groundwater and aquifer sediments (Stuyfzand ) . The intentional use of natural attenuation processes to improve water quality (Maliva & Missimer ) has been deliberately studied to improve understanding of them and fully harness their potential in combination with the infiltration or storage of water. The environmental profits of these natural purification methods are many, the most important being a reduced application of undesired chemicals like coagulants, active carbon, ozone, and chlorine. The quality of the abstracted water is a critical factor to consider as it directly affects the feasibility of applications aiming at drinking water production. The evolution of abstracted water quality is very much scheme-dependent ( Figure 2 ). In aquifer storage recovery (ASR) schemes, the first abstracted volumes are usually of good quality but gradually deteriorate as the interface between injected water and native groundwater approaches the ASR well. Aquifer storage transfer recovery (ASTR) schemes offer a longer aquifer passage and abstracted water quality is consequently expected to improve over time. ASTR schemes suffer, however, from an increased clogging rate of the injection and especially abstraction wells. As opposed to single-purpose groundwater abstraction wells, ASR wells offer a decreased well-clogging risk due to flow reversals which prevent or delay the accumulation of clogging material along the borehole wall. Both scheme types have their advantages and a choice should be Figure 2 | Schematic representation of the differences between the two main deep-well recharge schemes related to drinking water production: 1, 2, and 3 depict injection, storage and recovery, respectively, during ASR cycle 1; 4, 5, and 6 depict the three phases during cycle 2 (modified after Stuyfzand et al. 2012) . The oxidation of pyrite may also lead to some mobilization of trace elements, such as As, Co and Ni. As especially is more mobile due to its reduced state (arsenite), which prevents it from sorbing on the existing and newly formed Fe-hydroxides. With continuous injection, the advancing oxygen (and nitrate) fronts convert the dissolving As into its oxidized state (arsenate), which is much less mobile due to preferential sorption on Fe-hydroxides.
The generalized evolution of quality changes in the water abstracted from a well downstream of the injection well (ASTR scheme) is depicted in Figure 3 This is the combined result of (1) the substantial depletion of sedimentary electron donors due to increased oxidation, (2) the extended precipitation of Mn-oxides (by-product of the oxidation reactions) with a high sorption capacity and (3) the increased pH conditions due to proton consumption.
Care should be taken so as to prevent the reduction of the 
DEEP-WELL RECHARGE FOR OTHER PURPOSES Irrigation water production
Subsurface storage of water can also be performed for irrigation water supply. In this case, concentration thresholds of total dissolved solids are less strict than the ones applied for drinking water. This allows brackish or saline aquifers also to be considered for storage and later recovery during 
Achieving environmental goals
Deep-well injection has also been applied in the Netherlands in order to achieve specific environmental goals. In these cases, specific aquifers are usually recharged in order to recover declined water tables to older (higher) levels or to fight salinization due to seawater intrusion.
In 1994 
Disposing wastewater
The production of fresh drinking water from brackish groundwater by reverse osmosis (BWRO) is becoming more attractive, even in temperate climates. The drivers in this case may consist of environmental problems like the pollution and salinization of aquifers, drawdown of water tables in phreatic aquifers, effects of climate change like reduced base flows that render surface waters less fit for drinking water production, and increasing costs to produce drinking water from heavily polluted, fresh groundwater.
In the Netherlands, the injection of the waste saline concentrate into a more saline, confined aquifer is considered to be an ideal disposal solution for this reverse osmosis by-pro- The simultaneous abstraction of upper fresh and lower brackish groundwater led to a lowering of the fresh-brackish water interface confirming that instead of lowering production, brackish groundwater should be pumped and used (Raat et al. ) . At both locations, concentrate injection was technically feasible, as long as the RO recovery levels were not higher than 50% (Zevenbergen) or 70% (Noardburgum). At higher levels, clogging of the injection well due to mineral precipitation could become an issue. Although suitability maps serve as a valuable implementation basis, additional real-scale validation should be carried out to confirm the suitability of the proposed locations. As presented in this paper, the success of applications aiming at drinking water production very much depends on the geochemical processes taking place upon aquifer recharge. The presence and reactivity of mineral phases cannot be adequately assessed a priori without piloting or at least laboratory-testing of the aquifer sediments.
Fine-scale hydraulics and hydrogeology may also need to be captured to fully assess feasibility at specific locations.
It is therefore recommended to always validate maps further via modelling, laboratory-testing and piloting. should consider the possible lateral movement of the injected water caused by the native hydraulic gradient. If the recharged water is to be recovered at a later stage, which is usually the case in aquifer storage applications, this lateral drift may complicate abstraction of the stored water and substantially reduce the recovery efficiency.
CONCLUSIONS
Spatial suitability maps and information management systems can facilitate the identification of suitable locations and intervention types depending on specific needs.
